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Introduction
Hearing loss is a common disability, affecting over 360 million people globally 1 . Its prevalence and severity is higher amongst men and older adults 2 . In addition to reductions in quality of life 3, 4 and mood 5 , hearing loss has also been associated with loss of cognitive function in adults over the age of 60. Studies reveal poorer cognition in those with poorer hearing, especially in memory and executive function [6] [7] [8] , faster decline in cognition in adults aged 55+ years 9 , and increased risk of dementia 10, 11 .
Proposed mechanisms are 1) hearing loss and cognition may change due to shared pathology (e.g. ageing, dementia), or 2) attentional or short-term/working memory resources are required to compensate for auditory processing deficits, leading to secondary, higherorder cognitive problems 12, 13 . Alternatively, social isolation, due to impairment in hearing, may be a risk for cognitive decline/dementia, perhaps through lack of mental stimulation 14, 15 .
However, three theoretical and methodological issues preclude the formation of a justifiable working hypothesis. First, hearing loss is associated with depression 16 , and depression is, in turn, a risk factor for poorer cognition 17 . Yet, few studies consider the role of depression in the relationship between hearing loss and cognition. Second, studies fail to control for the possibility that premorbid ability, or "cognitive reserve", may 'buffer' the effect of neurocognitive trauma 18 , and, thus, dilute the impact of hearing on cognitive function. Third, typically, significant hearing loss is indicated by a speech-frequency pure tone average (PTA in dB) of air-conduction thresholds at 500 to 4000 Hz of over 25dB in the better ear 2, 11 . If one of the mechanisms by which cognition is impacted by hearing loss is via increased auditory processing demands, an index of hearing loss that includes the poorer ear may be a better index when exploring the relationship with cognition, than PTA from the better ear: hearing is a binaural, not a monaural, process.
This paper reports data from the first 1969 participants assessed in the Busselton
Healthy Ageing Study (BHAS). It explores the relationship between hearing impairment and cognition using a better-ear, pure tone average (PTA) as well as hearing-impairment profiles based on both ears. Hearing loss prevalence increases markedly from age 50 years 2 , whereas cognitive decline is evident as young as 45-49 (3.6% decline in reasoning over 10 years) 19 .
Thus, a study of the relationship between hearing and cognition in middle-aged adults is of particular relevance. In the event that the two are causally related, it will be at around this age that interventions to improve cognition and stave off dementia may have their greatest impact 20 . We hypothesised that greater hearing loss would be associated with poorer cognitive performance after controlling for cognitive reserve (premorbid-IQ), age, education, depression, and sex.
Materials and Methods
The BHAS is a longitudinal study of community-dwelling adults, . Pre-morbid-IQ was estimated from the National Adult
Reading Test (NART-2 28 ) and used as an index of cognitive reserve. This is an accepted method of estimating premorbid IQ from current capacity, by testing reading of irregular nouns. 28 The number of errors is used to estimate IQ, with fewer errors being associated with higher premorbid IQ. Irregular word reading ability has been shown both to correlate highly with full scale IQ 28 and to be resistant to decline due to ageing or dementia. 29 Participants, who attended with hearing aid(s), were instructed to wear them during testing. 
Results
As expected, older age and higher premorbid-IQ were associated with lower and higher scores, respectively, on all cognitive measures (Table 1) . Depression scores (from the PHQ-9) and female sex were associated with poorer fluency and better continuity of attention, respectively, and female sex was associated with better quality of episodic memory (Table 1) , confirming the need to control for age and education, premorbid-IQ and depression in all inferential analyses, since such covariates may mask effects of hearing loss on cognition.
Thus, age, education, premorbid-IQ and depression were treated as covariates in all regression analyses. See Tables 2 and 3 for raw means±SD by hearing groups.
To test the central hypothesis that cognitive performance is negatively associated with Note. Denominator degrees of freedom vary due to missing data on some cognitive measures. Higher scores on all measures indicate better (more accurate or faster) performance; η ୮ ଶ effect sizes, small = 0.01; medium = 0.06; large = 0.14 50 Note. Denominator degrees of freedom vary slightly due to missing data on some cognitive measures. Higher scores on all measures indicate better (greater accuracy or faster) performance; ߟ ଶ effect sizes, small = 0.01; medium = 0.06; large = 0.14 50
World Health Organisation Guiedelines 1 : (1) Normal -BE4FA at 25dB or less (n = 1857), (2) Mild -BE4FA between 26 and 40dB (n = 92), (3) Moderate -BE4FA between 41 and 60dB (n = 15), (4) Severe -BE4FA between 61 and 80dB (n = 5). No participants had Profound HL -BE4FA of 81dB or over.
Next, two-step hierarchical regression analyses of the normed cognitive scores were undertaken. Covariates were entered in Step 1: Sex, NART-predicted IQ, Education (dummy coded), and PHQ-9 Total Scores. Dummy-coded Standard HL Severity Group variables were entered in Step 2. The parameters estimated represent the impact of being in 1 of the 3 nonNormal HL groups (Mild/Moderate/Severe), relative to the Normal Hearing group, after accounting for covariates ( Table 4) .
None of the cognitive variables was significantly predicted by HL Severity Group membership, after controlling for covariates. The failure to find an effect of HL may relate to the groups being too 'blunt' to act as powerful predictors, the measurement of HL using better-ear only, or the relatively small sizes of the Severe and Moderate HL Groups. Thus, Latent Profile Analysis was used to assign participants into hearing loss groups.
Latent Profile Analyses
Latent Profile Analysis (LPA) identifies latent (i.e. unobserved) groups (profiles) of people on the basis of scores on a set of indicator (i.e. observed) variables 25 . Profiles are determined that account for the variance shared amongst the indicator variables. Unlike cluster analysis, cases are probabilistically assigned to profiles. The first step in LPA is to determine the optimal number of profiles 31 . In deciding on the number of Profiles, we considered: (1) statistical fit, (2) pragmatic inspection of the nature of the ProfilesMuthén and Muthén
32
, and (3) inspection of the number in each Profile. The indicators were all hearing thresholds in both ears. Since ears are 'nested' within an individual, a two-level LPA was undertaken in MPlus 7.2, selecting 500 from a set of 10000 random starting values 33 . Table 5 but it did not explore the relationship to other variables. Thus, to ensure that the profiles represented differential levels of hearing impairment, we compared profile members on selfreported hearing-loss and against BE4FA classifications (Table 6 ). There was a clear association between self-reported hearing impairment and profile membership, Two-step regression analyses were undertaken as above (Table 7) . Only Continuity of Attention and Speed of Memory Retrieval were significantly related to Profile membership after controlling for covariates. However, the variance explained was negligible (0.5% and 0.4%, respectively). For Continuity of Attention, members of the combined Profiles 1 & 2 
Discussion
This study investigated the relationship between hearing impairment and cognitive performance in an epidemiological sample of middle-aged adults, controlling for cognitive reserve, education, age, depression and sex. Contrary to predictions, analysis using a pure tone average measure for the better ear revealed that hearing loss was not a significant predictor of cognitive performance in any domain. With the large sample size, the failure to find a relationship could not be due to insufficient power.
Further, Latent Profile Analysis, which produced four discernible hearing groups, revealed an effect of hearing impairment on continuity of attention, which was generally lower in those with poorer hearing relative to those with normal hearing, and in speed of retrieval of episodic (or long-term) memory (in those with high tone hearing loss only).
Nonetheless, the amount of variance in performance explained by hearing profile membership was very small (≤ 0.5%), and unlikely to be of clinical significance. The observed results are not consistent with the idea that cognitive performance is meaningfully associated with the extent of hearing impairment.
These findings stand in marked contrast to studies that report hearing impairment is associated with poorer cognition 6 or is risk factor for cognitive decline 9 and dementia 10, 11 .
One possibility is that this study successfully controlled for important covariates not previously considered, or not considered together. In particular, no previous studies controlled for depression or cognitive reserve: critical components of any evaluation of the impact of hearing on cognition. Alternatively, this sample, being middle-aged, may not have progressed to levels of hearing impairment sufficient to interfere with cognition. This argument would be supported by the fact that none experienced profound hearing impairment (>81dB PTA better ear). However, the prevalence of profound hearing impairment is generally low at 0.7% 35 and studies with older participants (e.g. 6 This study asked individuals to wear their prescribed hearing aid(s) for cognitive testing. However, not all hearing-impaired people have assistive devices or use them optimally. A study that tests individuals before and after hearing intervention, and which controls for depression, premorbid-IQ, age, education and sex, would help to unpack this issue. Preferably, such a study would also test non-intervention controls to assess the impact of cognitive practice effects.
The method used for analysing hearing level has implications for the hearing loss field. Latent Profile Analysis suggested four discernible groups, with the largest having normal hearing, then high frequency, mid-to-high frequency, and significant hearing impairment. Ciletti and Flamme 34 found similar profiles in 20 to 69 year olds, using k-means cluster analysis, but also noted marked sex differences, which we did not observe.
Comparison of latent profile analysis with the better-ear PTA classification used by others (e.g. 6 ) revealed considerable inconsistency. Participants with high-frequency hearing loss were categorised by the better-ear method as having normal hearing, even when their hearing loss extended down to 2000Hz. Further, 1 in 4 of those in the severely impaired profile were classified as normal on the better-ear measure. This inconsistency challenges definitions of significant hearing loss: 403 participants were identified with a significant, high-frequency hearing loss in this study (average hearing loss ≥40 dB at 4 and 8 kHz in the better ear), but all would have been classed as normal according to traditional definitions. These participants could be expected to experience a range of hearing-related social impacts but, as they are classified as normal under the standard system, would have limited access to hearing interventions. This study supports the view that such standard classifications should be used with caution 36 , as they do not capture the impairments associated with high-frequency hearing losses and higher-order auditory processing skills.
Conclusion
In a large, randomly sampled, representative group of middle-aged adults, hearing loss
is not an important predictor of attention, memory or executive function once education, depression, cognitive reserve, and sex have been considered. One possibility is that hearing impairment is just one type of morbidity that, combined with others, builds a risk-profile that would predict cognitive decline in normal ageing. Other important determinants of cognitive performance include chronic health conditions such as smoking 37 , pain 38 , diabetes 39 , or hypertension 37, 40 , of which smoking 41 and diabetes 42 are also associated with hearing loss.
Most studies, this one included, have considered a single morbidity and its impact on cognition. However, as many as 3 in 10 adults aged 45-64 years have 5 or more long-term comorbidities, of which hearing impairment may be just one 43 . 
